other hospitals was very similar and unusually skewed with a family, 50
Enterobacteriaceae. Interestingly, locations included patient area (4OT, 4BT, SBT) and 51 nurse area (ND), with a device (NW) bridging the two and a place (4S and SS) shared 52 between patients or visitors. We demonstrated diversity changes of hospital 53 environmental microbiomes with a skewed population, presumably by medical staff 54 pushing NWs or sinks shared by patients or visitors. 55
Introduction

63
CDC guidelines on controlling hospital-acquired infections (HAIs) prioritize 64 environmental cleanliness, while recommending precautions for contact between 65 patients and medical staff. In particular, the guidelines promote cleanliness of 66 high-contact surfaces such as machines placed around patients [1] . Bacterial 67 or detection of ATP on surfaces [9] . 73
Previous assessments of hospital cleanliness in Japan, using ATP bioluminescence 74 and stamp agar methods, revealed bacterial contamination to be highly variable and 75 independent of time or ward type [10] . No significant relationship was observed 76 between the number of patients or medical personnel in the hospital and organic or 77 microbiological contamination [10] . However, the physical properties of the surfacesthat were sampled had a strong effect on contamination [11] . These findings suggest 79 that numerous currently uncontrolled factors contribute to HAIs in Japanese hospitals 80
Amplicon sequencing, targeting the hypervariable region of the bacterial 82 small-subunit ribosomal RNA gene (16S rRNA), is currently a widely used technique to 83 study environmental microbiomes. Data can be used quantitatively and qualitatively to 84 compare environments, as well as provide direct diagnostic information that can inform 85 therapeutic decisions [12, 13] . Microbiome analysis also has been applied in a wide 86 range of research fields, including medicine, as well as ecology of indoor and marine 87 environments and urban public spaces such as subways [14] [15] [16] [17] [18] . Thus, microbiome 88 analysis is likely to provide pertinent data in attempts to understand the factors 89 controlling hospital cleanliness and HAIs. 90
In the present study, we undertook amplicon sequencing to visualize and compare 91 microbial population structures in three different hospitals, which differed in bed 92
numbers. 93
Materials and methods
96
Hospitals 97
Because of their different sizes, three hospitals were selected, which have distinct 98 numbers of beds (hospital "A": >500 beds, hospital "B": 100-500, hospital "C": <100). 99
Both hospitals "A" and "B" are general hospitals with 30 and 21 clinical departments, 100 respectively, while hospital "C" specializes mainly in lung cancer treatment (including 101 antibiotic treatment to prevent infectious diseases after surgery) with only 5 clinical 102 departments. Because of distinct treatment policies, "Surgical" and "Internal" wards 103 were selected for sampling locations. lung cancer are summarized in Table 1 . The numbers of patients with lung cancer wereobtained from data published as the hospital index, and the relative ratio of patients with 111 lung cancer among all patients was then estimated. Cleaning was similar in all hospitals 112 and followed CDC guidelines [1] . Cleaning was performed daily in several locations, as 113 shown in Fig. 1 , according to the following protocol. In brief, floors were cleaned with 114 disinfectant (Fig. 1, asterisks) . The overbed table or bed frame was wiped with detergent 115 and then treated with disinfectant ( Fig. 1, arrowheads) . The handrail or window frame 116 was also cleaned with detergent only (Fig. 1, arrows) . 117
118
Sampling locations and swab collection 119
A total of 144 samples were collected from hospital environments. As mentioned above, 120 sampling locations belonging to two ward types [Surgical (Su) To prevent contamination from hands, disposable sterilized plastic gloves were used for 127 all sample collections. 128
129
DNA extraction 130
Each cotton swab was intensely vortexed in sterile saline, and the resulting suspension 131 was then centrifuged, yielding pellets that were used for total genomic DNA extraction. The quality of extracted DNA from each sample (n=144) was confirmed by PCR 140 amplification using specific primers that target the 16S rRNA gene of Mycobacterium 141 sp., a species that inhabits most indoor and outdoor environments, including pond water 142 and soil [18] . Band densities of electrophoresed PCR samples on 2 % agarose gels were 143 quantified using ImageJ software. DNA samples from which Mycobacterium sp. 16S 144 rRNA could not be PCR amplified (n=94) were omitted from the following amplicon 145 sequence analysis because of insufficient DNA concentrations. 146
147
Amplicon sequence analysis 148
Analysis of samples that passed the quality check (n=50) was performed according to 149 the following general protocols. First, DNA amplicons were amplified by specific 150 primer sets that target the V3-V4 region of SSU rRNA (supplied by Hokkaido System 151 Science Co., Ltd.); PCR products were resolved on 2 % agarose gels and then purified. 152
After indexing PCR adaptor sequences had been added to the amplicons, a DNA library 153 for each sample was constructed, with a constant volume of amplicon solution (i.e., 154 concentrations were not adjusted), to permit comparisons between samples of read 155 numbers produced by the Illumina 16S Metagenomic Sequencing Library Preparation 156 kit (Illumina). Libraries were sequenced on the MiSeq Illumina sequencer platform, 157 producing 300-bp paired-end reads. QIIME was used to process raw reads, with qualityscores >30, and perform OTU (Operational Taxonomic Units) clustering. OTU 159 annotation was based on BLAST analysis with a baseline of >90 % similarity. 160
Metagenomic analysis including quality filtering, OTU production, taxonomic 161 classification, and phylogeny generation was all conducted by Hokkaido System 162 Science Co., Ltd. Cluster analysis was performed by using Cluster 3.0 for Mac OS X (C 163
Clustering Library 1.52). Phylogenetic trees generated from aligned population 164 structures were constructed and then visualized in Java TreeViewX (version 0.5.0). 165
166
Ethical considerations 167
Before samples were collected, the research design was explained to medical staff, and 168 informed consent was obtained orally from medical staff. Privacy and confidentiality of 169 personal information was protected according to the Helsinki Declaration [19] 
Results
180
Validity of sampling and analysis 181
As described in the protocol outlined in Fig. 2 , amplicon sequencing using Illumina 182
MiSeq was undertaken to compare microbiomes on surfaces in three hospitals ("A", 183 hospital "C". Hospital "C" was significantly less diverse than hospitals "A" and "B" 198 (p=0.0063) (Fig. 3) . Population structure analysis among hospitals also showed that 199 species in family Enterobacteriaceae accounted for 78.49 % of all OTUs identified only 200 in the samples of hospital "C" (data not shown). Thus, in contrast to the population 201 structure of samples from hospitals "A" and "B", hospital "C" appeared to show a 202 highly skewed population. Data were also analyzed by sampling location to understand 203 the factors responsible for the unique population structure with less diversity found in 204 samples from hospital "C". Cluster analysis among sampling locations revealed that theother hospitals formed a cluster, being very similar and unusually skewed with a single 207 family, Enterobacteriaceae (Fig. 4, highlighted with an arrow) . The locations included 208 patient area (4OT, 4BT, SBT) and nurse area (ND), with a device (NW) bridging the 209 locations and a place (4S and SS) shared between patients or visitors ( Table 2) . there is little accurate epidemiological evidence based on metagenomic analysis to 218 support the belief that hospital cleanliness can specifically reduce the incidence of HAIs 219
Comparison among assigned numbers into OTU units of hospitals revealed 221 dramatic differences in diversity among hospitals, with hospital "C" being less diverse,which specializes in cancer chemotherapy (see Table 1 It may be unexpected that most of the OTUs identified from hospital "C" and 257 some samples from the other hospitals should belong to Gram-negative 258 Enterobacteriaceae, which have fragile cell walls. However, Escherichia coli can 259 survive on stainless steel surfaces without any nutrients for at least 100 days [28] , 260
suggesting that Gram-negative bacteria can in fact remain viable for a long time on a 261 wide range of artificial surfaces. Although the exact reason why NWs became 262 contaminated with Gram-negative Enterobacteriaceae regardless of constant daily 263 cleaning remains unknown, there could be unrecognized factors responsible for 264 contamination on NW surface, which may be a significant factor determining the 265 relationships between hospital contamination and HAIs as well as contaminated sinks. 266
In conclusion, we demonstrated diversity changes of hospital environmental 267 microbiomes with a skewed population, presumably by medical staff pushing NWs and 268 sinks shared between patients or visitors. This factor may help to explain variability in 269 the relationship between hospital contamination and HAIs. 
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